Beak and feather disease virus (BFDV) is a circular ssDNA virus that causes psittacine beak and feather disease and has almost global presence. Here, we report for the first time the presence of in Nouvelle-Calé donie (New Caledonia). One hundred and sixty-eight exotic and 79 endemic birds were sampled in Nouvelle-Calé donie, 26 were found to be positive for BFDV. We characterized the full genomes of 26 isolates and phylogenetic analysis placed nine of the isolates into the BFDV-J strain, with the remaining 17 isolates from Deplanche's Rainbow Lorikeet (Trichoglossus haematodus deplanchii) forming a novel strain, BFDV-P. Of more concern was the discovery of an infected bird from the vulnerable and endemic New Caledonian Parakeet (Cyanoramphus saisseti). Our results reveal that there have been at least two introductions of BFDV into Nouvelle-Calé donie.
present on the mainland of Nouvelle-Calédonie, and the Ouvea Parakeet (Eunymphicus ouveaensis) found only on the island of Ouvea, part of the adjacent Loyalty Islands. The New Caledonian Parakeet (Cyanoramphus saisseti), once considered a subspecies of the New Zealand Redfronted Parakeet (Cyanoramphus novaezelandiae), is now recognized as a separate species in its own right, basal to other Cyanoramphus species. The Horned Parakeet and New Caledonian Parakeet are considered vulnerable, while Ouvea Parakeet, with its more restricted range, is considered endangered. The only local species not considered at risk is a subspecies of the Rainbow Lorikeet (Trichoglossus haematodus). Up to 20 subspecies of Rainbow Lorikeets are recognized, based on differences in colour, and they are widespread throughout northern and eastern Australia, as well as Indonesia and many Pacific Islands (Forshaw, 2010 ). Deplanche's Rainbow Lorikeet (Trichoglossus haematodus deplanchii), however, is only found in NouvelleCalédonie. As is true throughout the world, NouvelleCalédonie also has a variety of introduced species of parrot, in zoos and other captive facilities. It is not, therefore, unreasonable to assume that BFDV might have been introduced along with these exotic birds. Although there have been no previous reports of BFDV in NouvelleCalédonie, the recent unexplained death of a Deplanche's Rainbow Lorikeet, along with the discovery of others suffering from feather loss, raised the possibility of an outbreak of BFDV.
We sampled blood and/or blood feathers from 168 exotic captive parrots (all born and raised in New Caledonia) from 16 genera, and also sampled 79 birds from the four New Caledonian parrot species (Fig. 1 ). These were Cyanoramphus saisseti (n514), E. cornutus (n517), E. ouveaensis (n58) and T. haematodus deplanchii (n540). All of these parrots were captive, with the exception of 17 T. haematodus deplanchii that had been rescued from the wild after they were found with severe feather loss, and that were being nursed in captivity. Finally, a feather sample from a symptomatic and deceased nestling of Trichoglossus haematodus from Australia was also analysed. Blood samples were collected on filter paper by venipuncture of the medial metatarsal vein in the leg. Total DNA from samples (feather or blood) was extracted using Genomic DNA extraction kit for blood (Intron Biotechnology) and pre-screened for BFDV using primers targeting thẽ 605 bp region of the replication-associated protein gene (rep) (Ritchie et al., 2003) .
Twenty-six of the 247 birds tested positive for BFDV including 18 birds from local New Caledonian species (Fig.  1 ). Of these, 17 were Deplanche's Rainbow Lorikeet showing classical symptoms of BFDV infection, including failure to grow primary feathers and generalized feather loss [17/40, prevalence542.5 %, 95 % confidence intervals (CI): 27-59.1 %]. Of concern is the susceptibility to BFDV infection of the endemic New Caledonian Parakeet (C. saisseti), a species already considered vulnerable, with a single bird being found to be infected (1/14, prevalence57.14 %, 95 % CI: 0.2-33.9 %). Exotic species in which infections were detected included six Eclectus Parrots (Eclectus roratus vosmaeri; 6/10, prevalence560 %, 95 % CI: 26.2-87.8 %) and single specimens of the Redrumped Parrot (Psephotus haematonotus; 1/1, prevalence5100 %, 95 % CI: 2.5-100 %) and the Ring-necked Parakeet (Psittacula krameri; 1/9, prevalence511.1 %, 95 % CI: 0.3-48.2 %).
The viral genomes from BFDV-positive samples were enriched by rolling circle amplification using TempliPhi (GE Healthcare) as described previously (Massaro et al., 2012; Ortiz-Catedral et al., 2010; Piasecki et al., 2012; Varsani et al., 2010 Varsani et al., , 2011 . These enriched viral targets were used as a template for a PCR-based full genome amplification using back-to-back primers (target in the conserved domain of rep; AV-BFDV-F 59-CYTACYCT-KGGCATTGTGGC-39, AV-BFDV-R 59-TATHACRTCBC-CYTCYTTACTGCA-39) using Kapa HiFi HotStart DNA polymerase (Kapa Biosystems) and the following touchdown PCR protocol: 94 u C for 2 min, 10 cycles of 98 u C (20 s), 62 u C (20 s), 72 u C (2 min), 20 cycles of 98 u C (20 s), 52 u C (20 s), 72 u C (2 min) and a final extension of 72 u C for 2 min. The resulting~2 kb amplicons were cloned into pJET1.2 vector (CloneJET PCR cloning kit; Fermentas) and sequenced by primer walking at Macrogen Inc.
The assembled BFDV genome sequences were aligned with all full genome BFDV sequences available in GenBank (Table  S1 , available in JGV Online) using CLUSTAL W (gap open penalty510; gap extension penalty55) with manual editing done using MEGA5 (Tamura et al., 2011) . Within all the genomes we identified: (i) the circovirus nonanucleotide origin of replication sequence (TAGTATTAC); (ii) three conserved rolling circle replication motifs (FTLNN, GxxHLQGY and YxxK) in Rep; and (iii) nuclear localization motif (RRR x ARPY x RRRH x RR x R xx RRRR x FRRRRFST x RIYTLRL x RQ) on the N terminus of CP.
Maximum-likelihood (ML) phylogenies were inferred using PHYML (Guindon & Gascuel, 2003) with 1000 nonparametric bootstrap replicates and model GTR+I+G4 as determined by RDP4 . Based on the system of classification proposed by Varsani et al. (2011) , the 26 Nouvelle-Calédonie isolates can be split into two strains: BFDV-J 1 (n59) and BFDV-P 1 (new strain; n517). The additional isolate of BFDV from an Australian Rainbow Lorikeet represents a variant, BFDV-G 2 , which shares~95 % pairwise identity to a previously characterized isolate from Rainbow Lorikeet (Fig. 2) .
The 17 BFDV-P 1 isolates were all from Deplanche's Rainbow Lorikeet and were highly similar to each other, sharing .97 % genome wide pairwise identity, whereas the two Rainbow Lorikeet isolates from Australia share 95 % pairwise identity. However, pairwise comparison of the Deplanche's Rainbow Lorikeet BFDV isolates with the Australian Rainbow Lorikeet isolates (BFDV-G 1 , -G 2 ) reveals that they share~90 % pairwise identity (Fig. 2) . rep cp Amazona sp. Ara sp.
Cacatua sp.
Cyanoramphus sp.
Melopsittacus sp.
Eolophus sp.
Eclectus sp.
Nymphicus sp.
Unknown sp.
Trichoglossus sp.
Psittacula sp.
Psephotus sp.
Probosciger sp.
Pionites sp. Platycercus sp. Poicephalus sp.
Psittacus sp.
Country of origin (a)
In addition, all the Rainbow Lorikeet isolates (BFDV-P 1 , -G 1 and -G 2 ) are distinct from all other BFDV isolates, and ML phylogenetic analysis shows that they share a common ancestor. This demonstrates that the Nouvelle-Calédonie BFDV-P 1 strain found in the Deplanche's Rainbow Lorikeet most probably originated from a strain present in Australian counterparts. The remaining nine isolates infecting Eclectus Parrot (n56), New Caledonian Parakeet (n51), Red-rumped Parrot (n51) and Ring-necked Parakeet (n51) share .98 % pairwise identity amongst themselves and they also share similar identity to BFDV-J 1 isolated from an infected African Grey Parrot (Psittacus erithacus) in Portugal and~95 % identity to other African Grey Parrot BFDV-J isolates from Europe (Germany, UK and Portugal; Fig. 2 ).
ML phylogenetic trees of amino acids for Rep and CP were constructed using the LG model using PHYML with aLRT branch support (Anisimova & Gascuel, 2006) . Branches with ,60 % support were collapsed using Mesquite (version 2.75). Pairwise comparison (p-distance with pairwise deletion of gaps) of the full BFDV genomes, Rep and CP residues were performed using MEGA5 (Tamura et al., 2011) .
Rep of Deplanche's Rainbow Lorikeet (BFDV-P 1 ) isolates share .98.6 % pairwise identity, and 91 % to the two Rainbow Lorikeet isolates (BFDV-G 2 , -G 1 ) from Australia whose Reps share 97.6 % identity. All the Reps of BFDV-J 1 isolates from Nouvelle-Calédonie share .99 % pairwise identity amongst themselves and other BFDV-J 1 isolates Fig. 2 . ML phylogenetic relationships (GTR+I+G4 model of nucleotide substitution, 1000 full ML bootstrap replicates) of BFDV full genomes of Nouvelle-Calé donie isolates (strains P 1 and J 1 , shown in dark green) and those currently available in GenBank. 
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Journal of General Virology 93 (Fig. 3 ). BFDV-P 1 and BFDV-G 1 and -G 2 share~91.3-92.7 % pairwise identity.
CP of BFDV-P 1 share .96.3 % identity and 86.4-91.8 % to the two Rainbow Lorikeet isolates (BFDV-G 2 , -G 1 ). Interestingly, the two Australian Rainbow Lorikeet isolates show divergence in CP sharing only 88.9 % pairwise identity (Fig.  3) . On the other hand the CP of BFDV-J 1 shares 95.1 % identity. The CP of BFDV-P 1 and BFDV-G 1 and -G 2 sharẽ 85-87 % identity. It is clearly evident from the ML phylogenetic analysis of Rep (Fig. 3) that the BFDV-J and -P strain clusters are maintained. However, there is variation in clustering in the CP and Rep ML phylogenetic trees, possibly as a result of recombination. For example, in the Rep ML phylogenetic tree, BFDV-D 1 and -D 2 are more closely related to BFDV-B 3 , -B 4 and -B 5 than BFDV-B 1 . Similarly the BFDV-K isolates cluster with BFDV-J isolates in the Rep ML phylogenetic tree, whereas in CP they cluster with BFDV-L isolates. This highlights the need for full genome analysis in order to classify BFDV variants and identify the source/reservoirs of these viral isolates. (Fig. 3) , overall the rep gene is more conserved than the cp gene (Fig. 3) , which may be attributed to species-specific immune evasion. As a result, it is essential to base genome/variant analyses on complete genomes and not individual genes and comparisons cannot be made between phylogenies solely based on either Rep or CP.
We found evidence of two events of recombination amongst the Nouvelle-Calédonie samples (Fig. 1 ) using RDP4 RDP (Martin & Rybicki, 2000) , GENECONV (Padidam et al., 1999) , BOOTSCAN (Martin et al., 2005) , MAXCHI (Smith, 1992) , CHIMERA (Posada & Crandall, 2001) , SISCAN (Gibbs et al., 2000) and 3SEQ (Boni et al., 2007) . All the BFDV-J 1 isolates are recombinants (the C-terminal portion of the cp gene and intergenic region) with a~700 bp fragment from BFDV-K isolates from Australia. This clearly demonstrates that the BFDV-J 1 isolates in Nouvelle-Calédonie have been introduced from Europe, possibly from the importation of infected parrots from European facilities. The second event involves a single isolate of Deplanche's Rainbow Lorikeet BFDV-P 1 [NC-2NC40F-2011] , which has a~70 bp recombinant region (within the rep gene) from an unsampled BFDV variant. Various studies (Heath et al., 2004; Varsani et al., 2011; Lefeuvre et al., 2009) have demonstrated the recombinant nature of circoviruses and highlighted that the recombination hotspots are on the C terminus of the cp gene and in the intergenic region. The recombination results in this study amongst the Deplanche's Rainbow Lorikeet indicate the BFDV diversity within NouvelleCalédonie may be significantly greater than the diversity we have found in this study.
Our analysis clearly shows evidence of multiple introductions of the virus into Nouvelle-Calédonie. Most of the 27 new full BFDV genome sequences in this study, as is true for most of the known full genome sequences, were isolated from birds kept in captivity, an environment that can facilitate the spread of BFDV. Seventeen Deplanche's Rainbow Lorikeet that were being nursed in captivity after being rescued from the wild and which were suffering from feather loss all tested positive for BFDV. The source of the BFDV infection in the Deplanche's Rainbow Lorikeets is unclear; however, this strain does seem to be very specific to this particular subspecies of Rainbow Lorikeet.
Sampling of wild parrot populations throughout NouvelleCalédonie is necessary to determine the geographical and species distribution of BFDV since all three endemic species of Nouvelle-Calédonie are classed as threatened, with the Ouvea Parakeet found only in one location, and therefore extremely vulnerable to stochastic events such as a disease outbreak. While no Horned or Ouvea Parakeets were found to be positive in this study, the susceptibility of the genus to BFDV infection has previously been reported (Tomasek & Tukac, 2007) . Data on population trends of the four species of parrots in Nouvelle-Calédonie, as well as baseline information on the distribution and prevalence of BFDV, is necessary to characterize the threat this virus may pose, and feed into conservation management decisions.
